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Simultaneous observations of proton (190 eV < E < 48 keV) 

and electron (170 eV < E < 46 keV) d i f f e ren t i a l  energy spectrums 

during segments of th ree  outbound t raversa ls  of OW 3 through 

- -  
- -  

t h e  magnetosphere fo r  the  period l l - 1 5  June 196d0n L-shells 

3.3 t o  16 are presented. 

1 5  June 1966 were 8 X 10 

< cv 1.5  X 10 

(cm -see-sr) 

- < 5 X 10 

(a -sec-sr)-l  (4.7 - -  < E < 7.6 keV) and 6 X 10 (cm -sec-sr)- l  

(16 < E < 26 keV) with l o c a l  pi tch angles 78" (+  - 4") and at a 

geomagnetic l a t i t u d e  23O (+ lo). Peak i n t e n s i t i e s  of protons 

(30 < E < 48 keV) were observed a t  L - - 7.0. 

Proton i n t e n s i t i e s  a t  L = 4 on 

(cm -sec-sr)-' (330 - -  < E < 530 eV) ,  5 2  

6 2  6 (cm -sec-sr)-' (4.7 - -  < E < 7.6 keV) and ,< 10 

(16 - -  < E < 26 keV) and a t  L = 7.5 were 

(330 ,< E 5 530 eV), 4 X 106 

2 -1 

4 2  -1 (cm -see-sr) 

2 6 2  

- -  

A preliminary - -  
order-of-magnitude estimate of the  t o t a l  energy of trapped 

protons,/ (190 eV - -  < E < 48 keV) within t h e  ea r th ' s  magnetosphere 

i s  5 x 1 O 2 l  ergs and the  estimated contribution from t h i s  low- 

energy proton d is t r ibu t ion  t o  the quiet-time t e r r e s t r i a l  r i n g  

current f i e l d  a t  the  ea r th ' s  surface i s  - -10 y .  A t rans ien t ,  

narrow peak of r e l a t ive ly  high low-energy proton and electron 

& S A  
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i n t e n s i t i e s  within the  energy range - 300 eV t o  2 keV at L - 4 
with width AL - 1 i s  a l so  observed. 

of proton and electron in tens i ty  'spikes '  at peak in t ens i t i e s  

i n  the  l a t e  evening sector of the ea r th ' s  magnetic t a i l  are  

(a) approximately equal proton (190 eV - -  < E < 48 keV) and 

electrzn (17Q PTT - -  6 E 4 46 keV) energy dens i t ies ,  - 10 

erg( a t~) -~  each, (b) approximately equal proton and electron 

Typical charac te r i s t ics  

-9 

dens i t ies  over t h e  above energy range, - 1 (cm)-3 each, and 

( c )  la rge ly  dissimilar d i f f e ren t i a l  energy spectrums, proton 

spectrums with in t ens i ty  peaks noncoincident i n  energy with 

those of t h e  electron in t ens i ty  peaks and s igni f icant ly  broader 

(harder) i n  the  high-energy t a i l  (E 2 3 keV) than t h e  r e l a t ive ly  

s teep ( s o f t )  electron spectrums i n  t h i s  energy range. 
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I. Introduction 

Observations of low-energy protons and electrons over 

t h e  energy range extending from approximately 100 eV t o  100 keV 

within the  ear th ' s  magnetosphere a re  e s sen t i a l  toward t h e  under- 

standing of many magnetospheric phenomena including the  t e r r e s t r i a l  

r ing  currents,  t he  acceleration processes responsible f o r  t h e  

corpuscular radiat ion precipi ta ted in to  t h e  auroral  regions, 

t h e  plasmas within the  ea r th ' s  magnetic t a i l ,  and the  sources 

of higher energy protons and electrons populating the  ea r th ' s  

rad ia t ion  zones. This i n i t i a l  survey of low-energy electrons 

and protons over geocentric r ad ia l  distances ranging from 3 

t o  15 RE (%, ear th  radius) with measurements obtained with a 

sens i t ive  e l ec t ros t a t i c  analyzer device borne on t h e  ear th-  

s a t e l l i t e  OGO 3 i s  intended t o  provide an introduction t o  several  

of t he  charac te r i s t ics  of the  spa t i a l  d i s t r ibu t ions  of electrons 

and protons over an energy range 200 eV t o  50 keV within the  

earth's magnetosphere near t h e  magnetic equatorial  plane. 

search for t he  t e r r e s t r i a l  r ing  currents by i n  s i t u  measurements 

i s  continued i n  t h e  present investigation [ cf Davis, 1965; 

Hoffman and Bracken, 1965; Cahill,  1966; Frank, 1966aI during a 

The 

-- 
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period of r e l a t ive  magnetic quiescence, and several  fea tures  

of t h e  charged p a r t i c l e  d i s t r ibu t ions  a t  the  boundary of 

durable trapping of charged pa r t i c l e s  by the  geomagnetic f i e l d  

a t  geocentric radial distances approximately 8 

evening sector  of the  ea r th ' s  magnetosphere a r e  c l a r i f i ed .  

Simultaneous observaliurls u f  t he  d i f f e re r t i a l  eccrgy s p e c t r l ~ s  

of electrons and protons, separately, over the  aforementioned 

energy range a r e  presented herein f o r  regions i n  t h e  ea r th ' s  

magnetic t a i l  and deep within the rad ia t ion  zones and will be 

important i n  delineating prominent accelerat ion mechanisms 

providing ' loca l '  accelerat ion of charged p a r t i c l e s  within the  

e a r t h ' s  magnetosphere and i t s  environs. 

following discussion i s  directed toward an exploratory examination 

of low-energy proton and electron i n t e n s i t i e s  i n  the  e a r t h ' s  

magnetosphere with unique and discriminative observations. 

i n  t he  

The s p i r i t  of t he  
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11. Description of Apparatus 

OW 3 (1966-494 w a s  launched at 02:48 U.T. on 7 June 

1966 i n t o  a highly eccentr ic  orb i t  with i n i t i a l  apogee 128,500 km 

and perigee 6,700 km geocentric radial distances,  inc l ina t ion  

31" and period 48.6 hours. 

d i rec t ion  from the  center of earth t o  spacecraft  apogee posi t ion 

w a s  - 22:OO. A composite system of react ion wheels and gas 

j e t s  provided a predetermined, monitored or ien ta t ion  of the  

A t  launch the  l o c a l  time of t he  

various spacecraft  coordinates with respect t o  the  direct ions 

from t he  s a t e l l i t e  t o  ear th  and the  sun and with respect t o  

t h e  orbital plkne. The University of Iowa instrumentation 

includes four  cyl indrical-plate  e l e c t r o s t a t i c  analyzers t o  

se l ec t  charged p a r t i c l e  energy and continuous channel mul t ip l ie rs  

(Bendix 'channeltrons ' ) as charged p a r t i c l e  detectors .  

t h e  two p a i r s  of e l e c t r o s t a t i c  analyzers provides simultaneous 

measurements of t h e  i n t e n s i t i e s  of protons and electrons,  

separately,  within the  same energy bandpasses over an energy 

range extending from approximately 100 eV t o  50,000 eV. The 

direct ions of t he  f ie lds  of view of these two p a i r s  of e lectro-  

s t a t i c  analyzers, designated as LEPEDEA's 'A'  and 'B' , are 

Each of 
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orthogonal and are  directed pa ra l l e l  t o  spacecraft body Cartesian 

axes, + Z (toward ear th  during normal spacecraft operations) and 

+ Y, respectively.  Two EON type 213 Geiger-Mueller tubes 

(1.2 mg( 

package such tha t  the  directions of t h e i r  collimated f i e l d s  of 

mica windows) were positioned i n  the  instrument 

-77 v l c w  :rere pmrrllel tc fhnqe nf the e lec t ros t a t i c  analyzer pa i r s .  

More detai led descriptions of the instrumentation have been 

given previously by Frank [1966b]. 

t h e  proton and electron channels of LEPEDEA 'B' a re  summarized 

i n  Table I (protons) and Table I1 (e lectrons) .  

with t he  second p a i r  of e l ec t ros t a t i c  analyzers, LEPEDEA ' A ' ,  

will be reported i n  a forthcoming survey of the  angulas 

dis t r ibu t ions  of low-energy protons and electrons.  

The energy bandpasses fo r  

Observations 
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TABW I 

0 0  3 LEPEDEA PROTON CHANNELS 'B' 

ENERGY BANDPASSES 

Proton Channel Energy Bandpas s* 

3PB 

4PB 
5PB 
6PB 

90 - 150 eV 

l9O - 320 eV 

330 - 530 eV 

450 - 720 eV 
~ ~~~~ 

690 - 1100 ev 
1.1 - 1.8 keV 

1.8 - 2.9 keV 

3.3 - 5.3 keV 

l l p B  

12pB 

l3pB 

14pB 

4.7 - 7.6 keV 

6.7 - 11 keV 

11 - 18 keV 

16  - 26 keV 

15pB 30 - 48 keV 

*Analyzer constant i s  7.6 eV (volt)-' 
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TABLE I1 

OGO 3 LEPEDEA ELECTRON CICANNELS ' B '  

ENERGY BWPASSES* 

I Electron Channel Energy Bandpass* 

3eB 
4eB 

5 eB 

6eB 

80 - 140 eV 

170 - 300 eV 

280 - 500 eV 

380 - 680 eV 

7eB 
8 el3 
9eB 

lOeB 

610 - 1100 eV 

940 - 1700 ev 

1.5 - 2.7 keV 

2.8 I- 5.0 keV 

l leB 

12eB 

13 eB 

14eB 

4.1 - 7.2 keV 

5.8 - 10 keV 

9.8 - 17 keV 

1 4  - 24 keV 

26 - 46 keV I 15eB 

*See a l s o  Frank [1966b] 
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111. Observations 

An example of t h e  UPEDEA 'B' responses t o  low-energy 

proton and electron i n t e n s i t i e s  i n  the  ea r th ' s  magnetosphere 

i s  provided i n  Figure 1 which displays the  counting r a t e  p ro f i l e s  

of channels 12eB (electrons,  5.8 < E < 10 keV) and 15pB (protons, 

30 < E < 48 keV) and of t h e  213B G.M. tube as functions of magnetic 

s h e l l  parameter I, fo r  t he  outbound pass of OGO 3 on 13 June 1966. 

Several useful posi t ion coordinates f o r  these observations, 

- -  
- -  

geomagnetic l a t i t u d e  ( h  ) , solar magnetospheric l a t i t u d e  (8  

[Ness, 19651, and s o l a s  e c l i p t i c  l a t i t u d e  and longitude (8 

) m SM 

SE, 

VSE) a re  shown i n  Figure 2. 

during t h i s  period w a s  characterized by a t r ace  from L = 6.5 

t o  16 through the  l a t e  evening sector of the ea r th ' s  magnetosphere 

a t  moderate so la r  e c l i p t i c  and solar magnetospheric l a t i t u d e s  

- 3 5 " ) ;  the  axes of the f i e l d s  of view of the  LEPEDEA 
('SE' 'SM 

'B' e lec t ros t a t i c  analyzers and of the  213B G. M. tube 

were directed within < 30" of the ant i -solas  direct ion throughout 

t h e  pericd cf cbservztions shown i n  Figure 1 (see Appendix, 

Table V ) .  

simultaneous measurements of  the magqetic f i e l d s  i s  provided 

The motion of t he  spacecraft  

Tv 

Although no comparison of these observations with 



c 11 

here, a l l  observations were obtained a t  geocentric radial 

distances < 16 

and can be positioned i n t e r i o r  t o  t h e  magnetopause with good 

cer ta in ty  by comparison of the  OGO 3 t r a j ec to ry  during t h i s  

period with IMP 1 observations of t h e  posi t ion of t he  magneto- 

pause [Ness, S c e z c e  a 2  Seek, 19641. 

i n  the  l a t e  evening sector of t he  magnetosphere ru 

Salient  features  of t he  observations presented i n  Figure 

1 include (a) a decrease i n  proton (30 < E < 48 keV) i n t e n s i t i e s  

coincident with a decrease i n  electron (E > 45 keV) i n t e n s i t i e s  

at  L - 7.5 t o  8.0, (b) an increase i n  e lectron (5.8 < E < 10 keV) 

i n t e n s i t i e s  by a factor  - 40 coincident with the  decrease i n  

electron (E > 45 keV) and proton (30 < E < 48 keV) i n t e n s i t i e s  

at  L - 7.5 t o  8.0 and (c )  t h e  occurrence of i n t ens i ty  ' spikes '  

beyond L - 9 i n  each of the  three in t ens i ty  prof i les .  

sporadic increases i n  proton (30 < E < 48 keV) and electron 

(5.8 < E < 10 keV and E > 45 keV) in t ens i t i e s  beyond L - 9 w e  

coincident within the  resolution of the  abridged s e t  of observations 

summarized i n  Figure 1. 

individual teiemetered sanples o f  the  responses of each of 

these three  channels, and of each of the  remaining 63 channels 

not displayed i n  Figure 1, a r e  avai lable  during the  period of 

- -  

- - -  

- -  
- 

These - 
- -  

- -  - 

(For example, approximately 3 X Id 
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t h i s  s ingle  segment of data.)  

proton (30 < E < 48 keV) and electron (5.8 < E < 10 keV) 

i n t e n s i t i e s  occur without a measurable increase i n  e lectron 

(E > 45 keV) in t ens i t i e s  re f lec ted  i n  the  responses of t h e  

213B G.M. tube a t  L > 13, such an observation may be a mani- 

Testation of the generaiiy &crt .~sir?g c h x z c t c r  of the  i n t . m s i t i e s  

as a function of L t o  i n t e n s i t y l e v e l s  below the  threshold of 

3 2  -1 t h e  G.M. tube, - 2 x 10 (cm -sec-sr) . The electron 

(5.8 < E < 10 keV) and proton (30 < E < 48 keV) i n t e n s i t i e s  

a re ,  i n  an average sense,decreasing with increasing L-value 

beyond L - 8.0; these decreases i n  i n t e n s i t i e s  from L - 8.0 t o  

1 5  a r e  by factors  - 200 and - 10, respectively,  for  the  outbound 

pass on 13 June 1966. 

channel counting r a t e s  over L - 7.5 t o  13.5 shown i n  Figure 1 are 

cha rac t e r i s t i c  of t he  responses of the  present instrumentation i n  t h e  

region of la rge  low-energy electron i n t e n s i t i e s  i n  the  dark hemisphere 

of t he  magnetosphere beyond L - 8 reported by Gringauz and eo-workers 

[1960, 19631 and by Freeman [1964] (see Frank [1966b] fo r  de ta i led  

measurements of e lectron d i f f e ren t i a l  ener,? spectrums, energy 

densities,omnidirectional in tegra l  i n t ens i t i e s ,  e t c . ) .  For the  

'spike'  of i n t ens i t i e s  a t  L - -13.2, typ ica l  e lectron 

(170 eV < E < 46 keV) energy densi t ies  and number dens i t ies  are  

Although several  increases of 

- -  - -  

'u 

- -  - -  

c c 

The r e l a t ive ly  h i& electron (5.8 < E < 10 keV) - -  
- 

- -  
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3 (+ 1) X 

typ ica l  proton (190 eV < E < 48 keV) energy dens i t ies  and 

number dens i t ies  are 4 (+ - 2) x lo-' e r g ( ~ m ) - ~  and 0.6 (+ - 2) 

protons ( ~ m ) - ~ ,  respectively.  

accurate within a factor  of 2 (see Frank [1966b] f o r  discussion 

of calculations of these omnidirectional quant i t ies ) .  

equa l i t i es  of proton and electron energy dens i t ies  and number 

dens i t ies  within the  above energy ranges and experimental e r ror  

are charac te r i s t ic  of the  present observations of t he  in t ens i ty  

' spikes '  observed i n  the  midnight and evening sectors of the  

magnetosphere but exceptions t o  t h i s  s i t ua t ion  have already 

been found and w i l l  be discussed i n  a l a t e r ,  more thorough 

analysis.  

e r g ( ~ m ) - ~  and 0.7 (+ - 2) e lectrons ( ~ m ) - ~  and 

- -  

These values a re  judged t o  be 

The 

The rap id  decrease of  electron (E > 45 keV) i n t e n s i t i e s  

a t  L - 7.5 t o  8.0 bracketed a t  lower L-values by a r e l a t i v e l y  

smooth, high in t ens i ty  p r o f i l e  and at higher L-values by a 

f luctuat ing,  lower in t ens i ty  prof i le  as exemplified i n  Figure 1 

has been interpreted as  delineating the  outermost boundary of 

t h e  durable trapping of charged p a r t i c l e s  i n  the  magnetosphere 

[cf Frank, 1 9 6 6 ~ ;  Anderson, 19651. 

fur ther  supported by t h e  similar behavior of  t he  p ro f i l e  of 

- 

This in te rpre ta t ion  i s  
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proton (30 < E < 48 keV) in t ens i t i e s  and the  discontinuity 

i n  the electron (5.8 < E < 10 keV) in t ens i ty  p r o f i l e  at 

L - 7.5. 

- -  
- -  

- 
Another example of  low-energy proton and electron 

i n t e n s i t i e s  as functions of  magnetic she l l  parameter 

L i s  shown i n  Figure 3 for  L - 3.3 t o  14.5 during the  outbound 

pass on 15  June 1966. 

- 
Several useful coordinates f o r  t h i s  

segment of data a re  displayed i n  Figure 4 and direct ions of 

t h e  axes of the  f i e l d s  of view are surmnarized i n  t h e  Appendix. 

The prof i les  of proton (450 < E < 720 eV and 16 < E < 26 keV) 

and electron (1.5 < E < 2.7 keV) in t ens i t i e s  shown i n  Figure 3 

- -  - -  
- -  

reveal  several  in te res t ing  features  of t h e  d is t r ibu t ions  of low- 

energy charged pa r t i c l e s  within the  magnetosphere, (a)  a narrow 

region of proton (450 < E < 720 eV) i n t e n s i t i e s  centered a t  

L = 4 with width AI, - 1, (b)  s ignif icant  proton (16 < E < 

26 keV) i n t e n s i t i e s  above background responses of the  ins t ru-  

mentation i n  a region extending from L - 5.0 t o  9.0, (c)  a 

t h i r d  loca le  at L - 9 t o  12 with r e l a t i v e l y  low proton 

(450 < E < 720 eV and 16 < E < 26 keV) i n t e n s i t i e s  but with 

enhanced electron (1.5 < E  < 2.7 keV) in t ens i t f e s ,  (d) a second 

narrow m a x i m u m  of proton (450 < E < 720 eV) i n t e n s i t i e s  centered 

at L - 12.7 with width AI, - 1, and ( e )  r e l a t ive ly  constant 

- -  

- - -  

- 
- 

- -  - -  
- -  

- -  

- - 



i n t e n s i t i e s  of electrons (1.5 < E  < 2.7 keV) from L - 3.5 t o  9. 

UnidirectionaL proton in t ens i t i e s  i n  eight energy bandpasses i n  the  

energy range extending from 330 eV t o  48 keV as functions of 

L a re  presented i n  Figures 5, 6 and 7. 

(a) the  narrow proton maximum at L - 4 i s  predominantly 

p p u l a t e d  by protons with energies < _. 2 keV, (b) proton 

(E > 5 keV) i n t e n s i t i e s  a re  concentrated i n  a region extending 

from L - - 5 t o  10, ( e )  f i n e  s t ructure  ex i s t s  i n  t h e  p ro f i l e s  

of proton (E < 26 keV) in t ens i t i e s  beyond L - - 8, a t t r ibu tab le  

t o  temporal and/or s p a t i a l  var ia t ions i n  in t ens i t i e s ,  and 

(d) there  i s  a maximum i n  proton (30 < E < 48 keV) in t ens i t i e s  

a t  L - - 7, 4.5 x 10 (em -see-sr) . Proton i n t e n s i t i e s  a t  

L = 4 are  8 x 10 

(cm -see-sr) 

(16 < E < 26 keV); a t  L = 7.5 proton in t ens i t i e s  are  - < 5 x 10 

(cm -see-sr) 

(4.7 - -  < E < 7.6 keV) and 6 x 10 (cm -sec-sr)-' (16 - -  < E < 26 keV). 

These unidirect ional  i n t ens i t i e s  were obtained a t  geomagnetic 

l a t i t u d e  Am = 22O (Figure 4) with l o c a l  p i tch  angle a = 81" 

( see  Appendix) at L = 4.0, and \ = 24" with a = 74" a t  L = 7.5. 

- -  - 

It i s  eas i ly  noted t h a t  

- 

cv 

ru 

- -  
6 2  -1 

5 2  -1 6 (cm -see-sr) (330 _<E 5 530 eV), < - 1 . 5  x 10 

2 -1 6 2  (4.7 - -  < E < 7.6 keV) and < cv 10 ( e m  -sec-sr)- l  

4 - -  
2 -1 6 2  

(330 _< E - < 530 eV), 4 X 10 ( e m  -sec-sr)-' 

6 2  

A fur ther  segment of  observations of low-energy proton 
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in t ens i t i e s  within the magnetosphere i s  summarized i n  Figure 8 

which displays the  proton in t ens i t i e s  i n  s i x  d iscre te  energy 

bandpasses within the  energy range l9O eV t o  26 keV as 

functions of L during the  outbound pass on 11 June 1966 ( r e fe r  

t o  Figure 9 and Appendix f o r  several useful  coordinates). 

9 - e  t r ans i t i on  of the  character of these p ro f i l e s  with decreasing 

bandpass energy from higher proton (5.3 < E < 26 keV) in t ens i t i e s  

a t  L < 10 t o  higher proton (190 - -  < E < 720 eV) i n t e n s i t i e s  a t  

L 210 over the  L-value range, 7 t o  13, i s  eas i ly  discernible.  

Proton unidirect ional  i n t ens i t i e s  observed during t h i s  out- 

bound pass are  similar i n  magnitudes t o  proton i n t e n s i t i e s  

measured at these L values during the  outbound pass on 15 June 

(cf Figures 5, 6 and 7) although d e t a i l s  i n  the  s t ructure  of t he  

in t ens i ty  p ro f i l e s  a re  dissimilar.  

- -  
cv 

Simultaneous observations of t h e  low-energy proton and 

electron d i f f e r e n t i a l  energy spectrums near t he  low-energy 

proton maximum observed at L - 4 during the  outbound pass on 

15 June (see Figure 5) a re  shown i n  Figure 10. 

a d  proton spectrums monotonically increase with decreasing 

p a r t i c l e  energy with s ignif icant  response above background 

r a t e s  of t h e  instrumentation t o  proton and electron in t ens i t i e s  

- 
These electron 



over the  energy range extending from 190 eV t o  1.8 keV and 

280 eV t o  46 keV, respectively.  

t h e  electron and proton spectrums with increasing energy over 

t he  energy range extending from - 300 eV t o  2 keV and the  constant 

r a t i o  of t he  number density of protons and electrons per un i t  

The monotonic decline of 

ezergjr i n t e n . 1 ,  (a? / d v l / f i i N  /m)-' = 1.6 (+ 0.7) where 

(ae /dE)  i s  the d i f f e ren t i a l  number density of e lectrons,  over 

t h e  above energy range suggest t ha t  these low-energy proton 

and electron in t ens i t i e s  are the  signature of t h e  high-energy 

t a i l  of a thermalized plasma with peak d i f f e ren t i a l  i n t ens i t i e s ,  

a t  E < 200 eV. dE' N 

of electrons (170 eV < E < 2.7 keV) and protons (190 eV < E < 

2.9 keV) are  each 4 (+ - 2) x loe9 erg(cm)-j and 6 (+ - 2) 

respectively.  

a t  L - 4 are  a t rans ien t  and variable feature  of t he  dis t r i -  

bution of charged pa r t i c l e s  i n  t h i s  region and w i l l  be discussed 

i n  a forthcoming investigation. 

- P el - - # I  

- The energy dens i t ies  and number dens i t ies  

- -  - -  

These low-energy proton and electron i n t e n s i t i e s  

- 

The r e s u l t s  of a preliminary comparison of the  present 

chservations of %he proton d i f f e ren t i a l  energy spectrum over 

t h e  energy range extending from 1.8 keV t o  48 keV on 15  June 

1966 and Explorer 14  measurements of t he  proton (E > 97 keV) - 
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spectrum at L = 6.0 i n  l a t e  1962 a re  summarized i n  Figure 11. 

The proton d i f f e ren t i a l  energy spectrum labe l led  with Explorer 

14 has been calculated f romthe  in t eg ra l  energy spectrum a t  

L = 6.0, E.P.A. = 65" (E.P.A., equatorial  p i tch  angle) reported 

by Davis [1965]; t h e  O W  3 observations shown i n  Figure 11 are  

also f o r  L = 6.0 but with E.P.A. = 45". 

values of E.P.A. will be re f lec ted  i n  t h e  proton (E - 100 keV) 

i n t e n s i t i e s  by fac tors  < 2 [Davis, 19651. 

observations of proton spectrums do not overlap i n  energy and 

a re  separated by a period of almost th ree  years, no disturbing 

disagreement i s  judged t o  be evident i n  the  i n i t i a l  comparison 

of spectrums displayed i n  Figure 11. 

This d ispar i ty  i n  

Although the  two .-., 

Two exemplary measw enents of t h e  low-energy proton and 

electron d i f f e ren t i a l  energy spectrums are  shown i n  Figures 12  

and 13 a t  posi t ions i n  t h e  l a t e  evening sector of the  magnetosphere 

a t  10.5 on 14 June 1966, respectively.  

Sa l ien t  features  of these spectrums include ( a )  a proton spectpm 

which i s  s ign i f icant ly  broader than the  simultaneously measured 

electron spectrum and (b) noncoincidence of t he  d i f f e ren t i a l  

i n t ens i ty  peaks i n  proton and electron spectrums ( for  example, 

t h e  proton and electron in tens i ty  peaks a re  a t  - 1 . 5  keV and 

on 1 5  June and a t  15.9 



- 700 eV, respectively, for the observations shown in Figure 

12). Further, it is noted that the peak proton intensities 

are not consistently occurring at higher energies than the 

peak in electron intensities (see Figure 12) but also may occur 

at lower energies (see Figure 13). For the electron and proton 

energy spctrums dinpla.yed in Figure 12, the energy densities 

and number densities of protons (190 eV - -  C E < 48 keV) and 

electrons (170 eV - -  C E < 46 keV) are each 4 (+ - 2) X 

and 1 (+ - 0.5) 

erg(cm)-3 

respectively. 
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Discussion 

Several i n i t i a l  observations of low-energy proton and electron 

i n t e n s i t i e s  within the  evening sector of t he  ea r th ' s  magnetosphere 

have been presented i n  the  preceding discussion. Many features  of 

t h e  sp3 ; t i a  distrihl_?-tl.ims of these low-energy charged paz t ic les  

within the  energy range extending from - 200 eV t o  50 keV are  

self-evident upon perusal of the Figures. Each of t he  topics  

which have been cursori ly  examined here w i l l  be dea l t  with i n  

fu ture  investigations with considerably more de t a i l .  However, 

several  charac te r i s t ics  of these s p a t i a l  d i s t r ibu t ions  of low- 

energy proton and electron in t ens i t i e s  a re  worthy of f'urther 

discussion. 

It i s  of i n t e re s t  t o  compare the energy density of protons 

(190 eV < E < 48 keV) observed during the  outbound pass of OGO 3 

through the  outer radiat ion zone on 15 June 1966 with t h e  l a rges t  

reservoir  of charged p a r t i c l e  energy within the  magnetosphere 

which has been observed by d i rec t  detection t o  the  present date 

(protons, E - > 97 keV [Davis, 19651). 

proton (190 eV < E < 48 keV) energy densi t ies  a t  Am = 2 2 " ( +  2 " ) ,  

- -  

These observations of 

- -  - 
e 

2 
t h e  corresponding magnetic f i e l d  energy density B /8n, and 
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Explorer 14 measurements of proton (E > 97 keV) energy dens i t ies  

a t  the  geomagnetic equator during l a te  1962 are  summarized f o r  

several  values of L i n  Table 111. 

reported during the  period of the present OGO 3 observations 

[High Alti tude Observatory Preliminary Report of Solar Activity,  

TF? 7731 and t h e w  l n w - e n e r c  proton in t ens i t i e s  a re  presumably 

representat ive of t he  quiet-time proton d is t r ibu t ions  i n  the  

outer rad ia t ion  zone. 

epochs of these t w o  observations s ign i f icant ly  d i f f e r  it i s  

c l ea r ly  ins t ruc t ive  t o  compare the energy dens i t ies  of these t w o  

proton d is t r ibu t ions .  

energy dens i t ies  t o  proton (E > 97 keV) energy dens i t ies  a re  

- 4 x 

densi ty) ,  - 1 a t  L = 5.7, and - 4 a t  L = 6.5. 

protons within the  energy range l9O eV t o  48 keV provide an 

ins igni f icant  contribution t o  the quiet-time t e r r e s t r i a l  r i n g  

current r e l a t i v e  t o  t h a t  of t h e  proton (E > 97 keV) populations, 

bu t  f o r  L > 5 the  proton (190 eV < E < 48 keV) contribution t o  

t h e  ring current on a given L-shell i s  s i m i l a r  o r  greater  than 

t h a t  a t t r i bu tab le  t o  proton (E > 97 keV) in t ens i t i e s .  

r e l a t i v e  contribution of these two proton populations t o  t h e  

- 

N o  geomagnetic storms were 

Although the  geomagnetic l a t i t u d e s  and 

The ra t ios  of proton (190 eV < E < 48 keV) - -  

- 
at L = 3.6 (near peak of proton (E - > 97 keV) energy 

Hence a t  L - 3.5 - 

- 

h) - -  

Since the  - 
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TABLE I11 

Comparison of OGO 3 Measurements of 
Proton (190 eV < E 48 keV) Energy Densities (15 June, 1966) 

with Explorer  14 ObserTatiFns of Proton (E > 97 keV) Energy Densities (1962)* - 

.L 

3 - 6  

4.7 

5 -2  

5.7 

6.5 

7.5 

8.2 

9.5 

10.0 

OGO 3 
Proton (190 e V  - -  < E 48 keV) 

Energy Fenqit.yi Prg(crn) -3 

= 22" (+ 2") 'm - 

2.8 x I O m 8  

3.9 x 

3.4 x 

8 4.1 x 10- 

1.3 x lom8 

7.1 10-9 

6 5.5 x 10- 

1.4 x 

8.4 10-7 

5.2 10-7 

2.3 10-7 

1.0 x lo-'( 

5.7 x 

2.0 x 

1.3 X 10- 8 

EXPLORER 14* 
Proton (E > 97 keV) 

Energy Density, 
- 

erg ( cm) --' 
Am = 0" 

3.2 10-7 

1.1 x lo"( 

5.6 x 

3.2 x 

9.6 10-9 

*Davis [ 1965 ] 
WJensen and Cain [I9621 
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quiet-time t e r r e s t r i a l  r i n g  current i s  approximately proportional 

t o  the  r a t i o  of t h e i r  t o t a l  kinet ic  energies [cf Parker, 19663, it 

i s  also ins t ruc t ive  t o  estimate the magnitude of the  reservoir  of 

k ine t i c  energy of t he  proton (190 eV < E < 48 keV) dis t r ibut ion.  

The t o t a l  k ine t i c  energy of  protons (E > 97 keV) within the  ea r th ' s  

mqnetosphere has been shown t o  be 

Bracken, 19651; an order-of-magnitude estimate of the  t o t a l  proton 

(190 eV < E C 48 keV) k ine t ic  energy f o r  t he  observations reported 

here, assuming azimuthal symmetry over L = 5 t o  10 and a dependence 

of t he  observed energy densi t ies  (Table 111) upon geomagnetic 

21 l a t i t u d e  Am by fac tors  < 3 over h 

or approximately t h e  same magnitude as the  trapped proton 

(E ,> 97 keV) energy reservoi-*. 

proton (190 eV < E C 48 keV) contribution t o  the  quiet-time 

proton r ing  current i s  similar t o  t h a t  due t o  the  outer zone 

protons (E > 97 keV), - -10 y (1 7 = 

of the  ear th  [ cf Hoffman and Bracken, 19651. 

of Table I11 and comparison o f t h e  OGO 3 measurements of proton 

(190 eV < E C 48 keV) energy densi t ies  with the  magnetic f i e l d  

energy density, where B has been calculated a t  the  s a t e l l i t e  

posi t ion with t h e  Jensen and Cain [1962] coeff ic ients  derived 

- -  
- 

. 

6 X 10'' ergs [Hoff'man and 

- -  

= 0' t o  30°, i s  - 5 X 10 ergs,  
cy m 

Hence it i s  qui te  l i k e l y  t h a t  t he  

- -  

gauss) at the  surface - 
Further inspection 

- -  
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from survey data a t  t he  ear th ' s  surface, show t h a t  t he  proton 

(190 eV - -  < E < 48 keV) energy densi t ies  should contribute 

subs tan t ia l ly  t o  the  d i s to r t ion  of the  geomagnetic f i e l d  fo r  

6 < L < 10. 

vector magnetic f i e l d  with the  above observations of charged 

p a r t i c l e  i r i t e r i s i i i c b  l o  -"-ita1 i:: d e t e n i n i n g  t.he deta i led  e f fec t  

of t h i s  low-energy proton dis t r ibut ion upon the  loca l  magnetic 

f i e l d s  . 

Comparison of simultaneous OGO 3 measurements of the 
r r , N  

A nazrow peak of r e l a t ive ly  high low-energy proton and 

electron in t ens i t i e s  within the  energy range - 300 eV t o  2 keV 

a t  L - 4 with width AI, - 1 has been observed during several  

OGO 3 t r ave r sa l s  of the  outer radiat ion zone (see Figures 3 and 

5) .  The absence of the  in tens i ty  peak a t  these L-values during 

many of t he  segments of data through t h i s  region which have 

been perused t o  date indicates  t h a t  measurable in t ens i t i e s  of 

these low-energy protons and electrons a re  a t rans ien t  phenomena. 

The proton and electron d i f f e ren t i a l  energy spectrums share a 

common slope and an almost equal number density per un i t  energy 

in t e rva l  and monotonically increase wi-th decreasing energy over 

t h e  energy range extending from - 300 eV t o  2 keV, which suggest 

t h a t  these spectrums may be the signatures of t he  high energy 

- 



t a i l  of a thermalized plasma wi th  peak d i f f e r e n t i a l  i n t e n s i t i e s  

a t  E ,< 200 eV. 

electrons (170 eV .e E < 2.7 keV) and protons (190 eV < E < 2.9 keV) 

a re  equal, 4(+ - 2) x 

a t  t he  peak i n t e n s i t i e s  on L - - 4. 
p r t i c l e  kinetic enerm over the above energy range i n  t h i s  region 

i s  inadequate t o  contribute s ign i f icant ly  t o  a quiet-time 

t e r r e s t r i a l  r i ng  current.  

The energy densi t ies  and number dens i t ies  of 

- -  - -  
e r g ( c ~ n ) - ~  and 6(+ - 2) emm3, respectively,  

The t o t a l  inventory of charged 

All observations of low-energy protons presented here a re  

i n  agreement with the  upper limits on proton in t ens i t i e s  i n  t h i s  

energy range obtained with an e l ec t ros t a t i c  analyzer borne on 

IMP-1 as reported by Wolfe, Si lva and Myers [1966]. These low- 

energy proton in t ens i t i e s  observed with OGO 3 are  near o r  below 

t h e  in t ens i ty  threshold of t h e  IMP 1 instrument. The threshold 

omnidirectional i n t ens i ty  fo r  the IMP 1 apparatus i s  7.2 x 10 

(cm -see-ev) 

omnidirectional i n t ens i ty  for  the OGO 3 LEPEDEA 'B'  instrument i s  

2.5 x 10 

4 

2 -1 a t  600 eV [Wolfe, e t  al ,  19663; the  threshold 

2 2  (cm -sec-ev)-l a t  585 eV. 

F i r s t  simultaneous observations of proton and electron 

d i f f e ren t i a l  energy spectrums over the  energy range extending 
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from - 200 eV t o  50 keV i n  the l a t e  evening sector of the  

ear th ' s  magnetic t a i l  are  displayed i n  Figures 1 2  and 13. 

Observations of i n t ens i ty  'spikes' of electrons (E > 45 keV) 

associated with the  h igh-energyta i l s  of the electron spectrums 

have been reported by Frank [1965], Anderson [1965] and 

Mderson and Ness [ l ? h h ] .  Several observations of t he  electron 

(350 - -  < E < 20 keV) spectrums a t  - 17 

have been summarized by Coon [1966], and measurements over the  

energy range extending from - 100 eV t o  50 keV i n  the  ear th ' s  

with the Vela s a t e l l i t e s  

magnetic t a i l  a t  geocentric radial distances 8 

have been recent ly  reported by Frank [1966b]. 

i s t i c s  of these in t ens i ty  'spikes' a t  peak i n t e n s i t i e s  

( r e fe r  t o  Figure 13 f o r  exemplary proton and electron 

d i f f e r e n t i a l  energy spectrums) are  (a)  approximately equal 

proton (190 eV - -  < E < 48 keV) and electron (170 eV - -  < E < 46 keV) 

energy dens i t ies ,  - 
proton and electron number densi t ies  over the above energy range, 

t o  20 

Typical character- 

e r g ( ~ ~ ~ ) - ~  each, (b) approximately equal 

1 each, and (c)  la rge ly  diss imilar  d i f f e ren t i a l  energy 

spectrum, proton spectrums with in t ens i ty  peaks noncoincident 

with those of the  electron in tens i ty  peaks and s ign i f i can t ly  

broader (harder) i n  the  high energy t a i l  (E - > 3 keV) than the  
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r e l a t i v e l y  steep ( s o f t )  electron spectrums. 

i n t e n s i t i e s  of protons (E > 190 eV) and electrons (E > 170 eV) 

i n  the  maxima of these in t ens i ty  ' spikes '  beyond - 10 

Typical omnidirectional 

- - 
RE axe 

7 2  -1 9 2  -1 - 5 X 10 (cm -see) and - 10 (cm -see) , respect ively.  

Final ly ,  it i s  noted here that the  peaks of proton 

(30 < E < 46 keV, 16 < E -= 26 keV, and 11 < E < 18 keV) 

i n t e n s i t i e s  occur,in a coarse manner, on lower L-shells with 

increasing proton energy (see Figure 7), which may be 

cha rac t e r i s t i c  of radial diffusion of protons within t h i s  energy 

range [cf Nakada, Dungey and Hess, 19651. For proton energies 

E < 11 keV (see Figures 5 and 6) t h i s  increase of t he  L-shell  

coordinate of t he  'average' peak of i n t e n s i t i e s  with decreasing 

proton energy i s  not c l ea r ly  evident. Further mapping of these  

low-energy proton in t ens i t i e s  and a comprehensive survey of 

t h e  temporal var ia t ions  i n  i n t e n s i t i e s  a re  now i n  progress. 

- -  - -  - -  

- 
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Sat ellit e Position, 

L 

a 
10 

12 

Appendix 

Axis directed along: 

Solar-ecliptic Solax-magnetospheric Pitch angle*, 
m %E e SM ?3M 

-4" 186" -4" 186" 76" 

-8" 1910 -7" 192 o 71 " 

-12" 195" -10" 196" 65" 

The following Tables summarize the directions of the 

axis of the LEPEDEA 'B' field of view in several useful 

. coordinate systems for the three consecutive outbound passes 

of OGO 3 through the earth's magnetosphere gresented in the 

preceding discussions. 

TABLE IV 

11 JUNE 1966 ( o m o m )  



S a t e l l i t e  Posit ion,  

29 

L 

7 

8 

10 

12 

14 

16 

Axis directed along: 

S o l a - e c l i p t i c  

%E %E 

-1" 182" 

-3 " 185 O 

-8" 190" 

-12" 194" 

-16" 197" 

-190 198" 

Solax-magnetospheric 

'SM %M 

-1" 182 O 

-3 " 185" 

- 7" 1910 

-10" 195 " 

-13" 198" 

-18" 199" 

Pi tch  angle*, 

o w  

77" 

75 " 

70" 

63 O 

55" 

48" 
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;at e l l i t  e Po s i t  ion, 

L 

4 

5 

6 

0 

10 

12 

14 

TABU VI 

15 JUNE 1366 (OUTBOvmD) 

Axis directed along: 

Solar -ec l ip t ic  

%E cpSE 

5" 168" 

3" 174 O 

1" 178" 

-3 " 185" 

-7" 189" 

-1 1 O  193 " 

-15 " 196" 

Solar-magnetospheric 

'SM qSM 

5" 168" 

3" 174 " 

1" 178" 

-3" 185 O 

-6" 1910 

-9" 194 " 

-13" 197" 

*B derived from Jensen and Cain [1962] coef f ic ien ts  
+ 

q o n v e n t i o n :  i f - .pas t ic le  ve loc i ty  vector v I I Z;, cx P 00 

Pitch angle*, 

a?Hc 

81" 

79" 

77" 

73 " 

68" 

62 O 

55" 
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Figure Captions 

Figure 1. The responses of two of t he  OGO 3 LEPEDEA 'B '  

(LEPEDEA, Low Energy Proton and Electron Dif fe ren t ia l  

Energy Analyzer) channels, e lectrons (5.8 - -  < E < 10 keV) 

and proiwllb (38  < Z )!8 keV), axii n f  the  thin-windowed 

213B G.M. tube as functions of magnetic she l l  parameter 

L fo r  the  outbound pass on 13 June 1966. 

- -  

Figure 2. Several useful posit ion coordinates f o r  OGO 3 on 

13 June 1966 (outbound pass, Figure 1). 

Figure 3.  Responses of th ree  of t h e  OGO 3 LEPEDEA 'B'  channels, 

protons (450 C E < 720 eV and 16 - -  < E < 26 keV) and 

electrons (1.5 < E < 2.7 keV) as functions of L f o r  t he  

outbound pass on 1 5  June 1966. 

- -  
- -  

Figure 4. Several useful posit ion coordinates for  OGO 3 on 

15 June 1966 (outbound pass, Figure 3).  

Figure 5. Unidirectional i n t ens i t i e s  of protons (330 - -  < E < 530 eV, 

450 < E < 720 eV and 1.8 < E < 2.9 keV) as functions of - -  - -  
L f o r  t'ne outbowd 0C-O 3 t r ave r sa l  of the  outer rad ia t ion  

zone. In t ens i t i e s  a re  p lo t ted  as  0 ,  upper l i m i t s  as 0. 
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Figure 6. Continuation of Figure 5 for  protons (4.7 < E  < 7.6 keV - -  
and 6.7 - -  < E < 11 keV). 

Figure 7. Continuation of Figure 5 for  protons (11 < E < 18 keV, - -  
16 < E < 26 keV and 30 < E < 48 keV). - -  - -  

, Figure 8. Proton unidirectional i n t e n s i t i e s  within s i x  energy 

t o  12.5 as observed during the  outbound pass on 11 June 

1966. 

Figure 9. Several useful position coordinates f o r  OGO 3 on 

11 June 1966 (outbound pass, Figure 8) .  

Figure 10. Simultaneous observations of low-energy proton and 

electron d i f f e ren t i a l  energy spectrums a t  L = 3.9, 

07:04 U.T. on 1 5  June 1966. 

Figure 11. Comparison of OGO 3 observations of the  proton 

(1.8 - -  < E < 48 keV) d i f f e ren t i a l  energy spectrum on 

15 June 1966 with Explorer 1 4  measurements of the proton 

(E - > 97 keV) spectrum i n  l a t e  1962 as reported by Davis 

[19651 at L = 6.0, 

Omnidirectional i n t ens i t i e s  of protoris (1.8 < E < 48 keV) 

are 2 (+ - 1) x 10 

= 24”. (E.P.A., equatorial  p i tch  angle). 

- -  
8 2  (em -see)-’ at t h i s  posi t ion i n  the  

outer radiat ion zone. 
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Figure 12.  Simultaneous observations of proton and electron 

RE On 
spectrums a t  geocentric r ad ia l  distance 10.5 

1 5  June 1966. 
dJ power l a w ,  - dE 

for the  proton spectrum and n - 3.8 for  the  electron 

spec t rm.  

charged p a r t i c l e  d i s t r ibu t ions  .) 

If these spectrums are  described by a 

= kE-n, f o r  E > 3 keV, then n - 1.8 ,-., - 

- 
(See a i s 0  Figure  5 f o r  posit isr ,  re lz t ive  ts 

Figure 13. An example of simultaneous observations of proton 

and electron spectrums i n  the  l a t e  evening sector of 

t he  ear th ' s  magnetic t a i l  a t  15.9 RE on 1 4  June 1966. 

The sun-earth-probe ( s a t e l l i t e )  angle ><SEP'  was 139" 
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